Introduction
============

Chronic liver injury from a wide variety of etiologies is associated with progressive hepatic fibrosis that is characterized by excess production and deposition of extracellular matrix (ECM) in the liver. The fibrosis eventually leads to the loss of liver function and disruption of liver structure. It is well accepted that the activation of resident hepatic stellate cells (HSCs) into fibroblast-like cells is a hallmark of hepatic fibrogenesis^[@bib1],[@bib2]^. Activated HSCs are the major producers of fibrotic extracellular matrix (ECM), and have been considered as an attractive target for anti-fibrotic therapy^[@bib3],[@bib4]^. However, no effective treatment for hepatic fibrosis is currently available in clinical practice.

Functional integrity of hepatocytes, the main cell type in the liver, is critical for the maintenance of liver homeostasis^[@bib5],[@bib6]^. It is well known that progression of liver fibrosis is associated with considerable hepatocyte injuries in all animal models^[@bib7]^. Several studies have indicated that apoptotic hepatocytes may present as a major inflammatory stimulus for HSC activation^[@bib8],[@bib9],[@bib10]^. Hepatocyte apoptosis induced by hepatocyte-specific deletion of TAK1, Mcl-1 or Bcl-xL triggers fibrogenesis in mouse model^[@bib11],[@bib12],[@bib13]^. Nevertheless, the role of damaged hepatocytes in hepatic fibrogenesis remains largely unknown. Furthermore, the relationship between hepatocyte injury and HSC activation is still not clear.

Hepatocyte nuclear factor 1α (HNF1α), a POU homeodomain family transcription factor, plays a key role in many aspects of hepatocyte functions, including carbohydrate synthesis and storage, lipid metabolism, detoxification, and synthesis of serum proteins^[@bib14],[@bib15],[@bib16]^. HNF1α knockout mice (*HNF1*α^−/−^) have drastically enlarged liver and develop progressive liver damage leading to the degeneration of hepatocytes^[@bib17],[@bib18]^. Genome-wide association studies (GWASs) revealed that SNPs in HNF1α locus influence levels of liver enzymes in plasma^[@bib19]^. HNF1α also regulates the expression of cytokine-induced C-reactive protein (CRP) by direct binding to CRP promoter^[@bib20]^. These findings suggest that HNF1α plays a major role in inflammatory response in liver diseases. Our recent study revealed that forced expression of HNF1α impedes the growth of hepatocellular carcinoma (HCC) xenograft in mice by inducing the differentiation of hepatoma cells into hepatocytes^[@bib21]^. However, the role of HNF1α in hepatic fibrogenesis remains to be clarified.

SH2 domain-containing tyrosine phosphatase-1 (SHP-1, also known as Ptpn6) is expressed mainly in hematopoietic and epithelial cells^[@bib22],[@bib23]^ and widely accepted as a negative regulator of inflammation^[@bib24]^. SHP-1 inhibits intracellular signal transduction by dephosphorylation of transmembrane receptors, including cytokine receptors and growth factor receptors^[@bib25],[@bib26]^. SHP-1 also binds and dephosphorylates the activated signaling molecules such as ERKs, JNKs, STATs, JAK2 and NF-κB^[@bib27]^. Recent studies demonstrated that hepatocyte-specific Shp1 knockout mice (Ptpn6^H-KO^) are protected from hepatic insulin resistance and develop hepatic steatosis when subsisting on a high-fat diet (HFD)^[@bib28],[@bib29]^. However, the role of SHP-1 in liver fibrosis is not reported yet.

In this study, we clarify the role of HNF1α in hepatic fibrogenesis and elucidate a crosstalk between hepatocytes and HSCs through an inflammatory feedback circuit consisting of HNF1α, SHP-1, STAT3, p65, miR-21 and miR-146a.

Results
=======

HNF1α is suppressed in rat and human fibrotic liver
---------------------------------------------------

It is known that HNF1α is a liver-enriched transcription factor. HNF1α regulates the transcription of genes essential for the hepatocytic cell lineage and has been used as a marker for mature hepatocytes^[@bib15],[@bib30]^. Our result showed that endogenous HNF1α was present in the nucleus of hepatocytes and was not observed in the nucleus of non-parenchymal cells in rat livers ([Figure 1A](#fig1){ref-type="fig"}). Interestingly, the mRNA levels of HNF1α were gradually reduced in rat hepatocytes upon the progression of hepatic fibrosis induced by either dimethylnitrosamine (DMN) or bile duct ligation (BDL) ([Figure 1B](#fig1){ref-type="fig"} and [Supplementary information, Figure S1](#sup1){ref-type="supplementary-material"}). The protein levels of HNF1α were also decreased in rat fibrotic livers ([Figure 1C](#fig1){ref-type="fig"}). Similar phenomenon was observed in the liver from patients with fibrosis or cirrhosis ([Figure 1D](#fig1){ref-type="fig"} and [1E](#fig1){ref-type="fig"}).

Down-regulation of HNF1α exacerbates hepatic fibrogenesis
---------------------------------------------------------

We then explored the effect of HNF1α reduction on hepatic fibrogenesis by repressing HNF1α expression with adenovirus carrying small hairpin RNA against *HNF1α* (AdshHNF1) prior to DMN treatment or BDL operation ([Supplementary information, Figure S2A](#sup1){ref-type="supplementary-material"} and [S2B](#sup1){ref-type="supplementary-material"}). A single injection of AdshHNF1α significantly decreased HNF1α expression in the livers of both models ([Figure 2A](#fig2){ref-type="fig"} and [2B](#fig2){ref-type="fig"}). Sirius red staining indicated that the livers treated with AdshHNF1α had excessive ECM deposition and a continuous meshwork of connective tissue infiltrating the hepatic parenchyma two weeks after DMN injection, while the livers treated with control virus only had small amount of ECM deposition ([Figure 2A](#fig2){ref-type="fig"}). Similarly, AdshHNF1α treatment also led to more ECM deposition in the fibrotic livers induced by BDL ([Figure 2B](#fig2){ref-type="fig"}). Compared with AdshNC controls, HNF1α knockdown increased the ECM area by 202% and 156% in the DMN and BDL fibrotic model, respectively (*P* \< 0.01, [Figure 2C](#fig2){ref-type="fig"}). In addition, the expression of fibrotic marker, α-SMA, was up-regulated by HNF1α knockdown, indicating that the activation of HSC was enhanced ([Figure 2A](#fig2){ref-type="fig"} and [2B](#fig2){ref-type="fig"}). Real-time PCR showed that the mRNA levels of α-SMA and COL1A1 were also increased in fibrotic livers upon AdshHNF1α treatment ([Figure 2D](#fig2){ref-type="fig"}). Moreover, hydroxyproline content was much higher in the AdshHNF1α-treated group than in AdshNC group in DMN model (251.0 ± 23.1 μg/mg vs 163.2 ± 13.2 μg/mg, *P* \< 0.01) and BDL model (242.8 ± 12.9 μg/mg vs 167.3 ± 12.9 μg/mg, *P* \< 0.01). In addition, the expression of profibrotic and proinflammatory cytokines, including TGFβ1, TNFα and IL-6, was also increased in hepatic cells in AdshHNF1α-treated fibrotic livers over the control in both models ([Supplementary information, Figure S3](#sup1){ref-type="supplementary-material"}).

It has been reported that adenovirus induces strong immune responses in animals, which may influence liver fibrogenesis^[@bib31]^. We therefore knocked down HNF1α in rats using a lentivirus carrying shHNF1α, and again we observed that HNF1α knockdown worsened liver fibrosis induced by DMN injection ([Supplementary information, Figure S4A](#sup1){ref-type="supplementary-material"}). The data confirms that down-regulation of HNF1α exacerbates hepatic fibrogenesis ([Supplementary information, Figure S4](#sup1){ref-type="supplementary-material"}).

Overexpression of HNF1α ameliorates hepatic fibrosis
----------------------------------------------------

We next tested if HNF1α overexpression could mitigate hepatic fibrosis in rats. A single injection of AdHNF1α ([Supplementary information, Figure S2C](#sup1){ref-type="supplementary-material"} and [S2D](#sup1){ref-type="supplementary-material"}) significantly restored the level of HNF1α in the nucleus of hepatocytes in fibrotic livers ([Figure 3A](#fig3){ref-type="fig"} and [3B](#fig3){ref-type="fig"}). AdHNF1α injection reduced the ECM area by 50.9% and 49.8% in the DMN and BDL fibrotic model, respectively, in comparison to the AdGFP controls (*P* \< 0.01, [Figure 3C](#fig3){ref-type="fig"}). The mRNA levels of α-SMA and COL1A1 were also reduced in fibrotic livers upon AdHNF1α treatment ([Figure 3D](#fig3){ref-type="fig"}). The level of hydroxyproline in livers treated with AdHNF1α was significantly lower than treated with AdGFP control in both DMN model (163.0 ± 17.4 g/mg vs 259.3 ± 23.7 μg/mg, *P* \< 0.01) and BDL model (191.8 ± 10.8 μg/mg vs 252.5 ± 12.2 μg/mg, *P* \< 0.01). Consistently, AdHNF1α treatment resulted in a significant reduction of inflammatory cytokines in the livers from both fibrotic models in comparison to the AdGFP control ([Supplementary information, Figure S5](#sup1){ref-type="supplementary-material"}). Similarly, up-regulation of HNF1α using lentivirus infection also ameliorated hepatic fibrosis induced with DMN ([Supplementary information, Figure S6](#sup1){ref-type="supplementary-material"}).

The anti-fibrotic effect of HNF1α mainly depends on the transcriptional activation of *SHP-1*
---------------------------------------------------------------------------------------------

It is known that inflammation contributes to hepatic fibrosis in various types of acute and chronic liver diseases. Many tyrosine phosphatases have been reported to be involved in regulation of inflammatory response^[@bib32],[@bib33],[@bib34],[@bib35]^. By searching a high quality transcription factor binding profile database, JASPAR^[@bib36]^, six tyrosine phosphatase genes containing putative binding sites of HNF1α in their promoter region were selected as potential targets of HNF1α ([Supplementary information, Table S1](#sup1){ref-type="supplementary-material"}). Interestingly, *HNF1α* suppression by siRNA in primary rat hepatocytes markedly decreased the *SHP-1* level ([Figure 4A](#fig4){ref-type="fig"}), but did not significantly affect the expression of other five phosphatases (data not shown). We also found significant positive correlations between the mRNA levels of *HNF1α* and *SHP-1* in the liver from patients with cirrhosis (fibrosis) ([Figure 4B](#fig4){ref-type="fig"}, *r* = 0.8169, *P* \< 0.0001), the rat fibrotic livers from DMN model ([Supplementary information, Figure S7A](#sup1){ref-type="supplementary-material"}, *r* = 0.7909, *P* = 0.0037) and the rat livers treated with AdshHNF1α or AdHNF1α in DMN model ([Supplementary information, Figure S7B](#sup1){ref-type="supplementary-material"}).

To further determine the transactivation effect of HNF1α on *SHP-1*, a series of luciferase reporter plasmids containing nested deletions of *SHP-1* promoter were transfected into HeLa cells infected with AdHNF1α ([Figure 4C](#fig4){ref-type="fig"}). This approach identified a potential HNF1α-binding region at -1563 nt to -2500 nt relative to the transcription start site in *SHP-1* promoter ([Figure 4D](#fig4){ref-type="fig"}). Mutation experiment demonstrated that two *cis*-acting elements in *SHP-1* promoter were required for the induction of *SHP-1* transcription by HNF1α ([Supplementary information, Figure S7D](#sup1){ref-type="supplementary-material"}). Chromatin immunoprecipitation (ChIP) assay confirmed the direct binding of HNF1 to *SHP-1* promoter in freshly isolated hepatocytes ([Figure 4E](#fig4){ref-type="fig"}). Overall, these data suggest that the expression of SHP-1 is transcriptionally regulated by HNF1α in hepatocytes.

To validate the functional role of SHP-1 in anti-fibrotic effect of HNF1α *in vivo*, we simultaneously delivered AdshSHP-1 and AdHNF1α into DMN-treated rats ([Supplementary information, Figure S2E](#sup1){ref-type="supplementary-material"}). SHP-1 knockdown decreased the magnitude of HNF1α-induced reduction of collagen deposition and HSC activation ([Figure 4F](#fig4){ref-type="fig"}). The hydroxyproline level was significantly higher in the AdSHP-1+AdHNF1α group (278.9 ± 25.8 μg/mg) than in the AdshNC+AdHNF1α group (181.6 ± 10.8 μg/mg, *P* = 0.0059, [Figure 4G](#fig4){ref-type="fig"}).

An inflammatory feedback circuit consisting of HNF1α, SHP-1, p65, STAT3, miR-21 and miR-146a aggravates hepatocellular impairment
---------------------------------------------------------------------------------------------------------------------------------

It is widely believed that SHP-1 negatively regulates inflammatory signal. Herein, we found that overexpression of HNF1α inhibited the activation of p65 (RelA), STAT3 and ERK in the fibrotic liver, which was reversed by SHP-1 suppression ([Supplementary information, Figure S8](#sup1){ref-type="supplementary-material"}). We then addressed the effect of HNF1α in inflammation signaling in hepatocytes. The expression of HNF1α and SHP-1 was significantly decreased in primary hepatocytes isolated from the DMN-treated rats, whereas JAK/STAT and NF-κB signaling pathways were activated ([Figure 5A](#fig5){ref-type="fig"}). Interestingly, the expression levels of representative proinflammatory and profibrotic cytokine, including IL-6, TNFα and TGFβ1, were significantly increased in these damaged hepatocytes ([Figure 5B](#fig5){ref-type="fig"}). Moreover, HNF1α knockdown in primary rat hepatocytes also led to the phosphorylation of STAT3 and p65 (RelA) ([Figure 5C](#fig5){ref-type="fig"}) and the increased expression of IL-6, TNFα and TGFβ1 ([Figure 5D](#fig5){ref-type="fig"}). A previous study has demonstrated the inhibitory effect of IL-6 on HNF1α expression in HBV-infected hepatocytes^[@bib37]^. Consistently, we also found that IL-6 stimulation reduced the level of HNF1α in normal hepatocytes ([Figure 5E](#fig5){ref-type="fig"}). Similarly, TNFα treatment decreased HNF1α expression in hepatocytes ([Figure 5F](#fig5){ref-type="fig"}). These data imply that an inflammatory feedback mechanism may sustain the deregulation of HNF1α in the impaired hepatocytes.

MicroRNAs (miRNAs) are important post-transcriptional regulators of gene expression^[@bib38]^. To delineate the mechanism by which HNF1α is repressed in hepatocytes, we searched the [microRNA.org](http://microRNA.org) website for miRNA candidates that may directly regulate HNF1α expression. Sequence complementarity analysis revealed that HNF1α is a potential target of miR-21, miR-31 and miR-146a ([Supplementary information, Figure S9A](#sup1){ref-type="supplementary-material"}), all of which have been proven to be involved in inflammatory signaling pathways^[@bib39],[@bib40],[@bib41]^. We found that these miRNAs were elevated in DMN- or BDL-induced fibrotic liver in rat ([Figure 6A](#fig6){ref-type="fig"} and [6B](#fig6){ref-type="fig"}). Western blot showed that both HNF1α and SHP-1 in hepatocytes were notably repressed by the mimics of miR-21 and miR-146a, whereas miR-31 minic had no significant effect ([Figure 6C](#fig6){ref-type="fig"}). The mRNA level of *HNF1α* was also decreased by the mimic of miR-21 or miR-146a ([Figure 6D](#fig6){ref-type="fig"}). Luciferase assay showed that the mimic of miR-21 or miR-146a markedly decreased *HNF1α* 3′UTR reporter activity in HEK293T cells ([Figure 6E](#fig6){ref-type="fig"}). Together, these results demonstrate that both miR-21 and miR-146a can directly suppress HNF1α expression in hepatocytes.

Previous study has indicated that NF-κB activation up-regulates the expression of miR-21 and miR-146a, while miR-21 also is transactivated by STAT3^[@bib42],[@bib43]^. Here, we also found that IL-6 increased the level of miR-21 but not miR-146a in hepatocytes. Inhibition of STAT3 with siRNA reversed the up-regulation of miR-21 expression by IL-6 ([Supplementary information, Figure S9B](#sup1){ref-type="supplementary-material"}), but did not alter the level of miR-146a. Similarly, suppressing p65 attenuated the up-regulation of both miR-21 and miR-146a induced by TNFα ([Supplementary information, Figure S9C](#sup1){ref-type="supplementary-material"}). Moreover, miR-21 inhibitor attenuated the reduction of HNF1α by IL-6 treatment. Likewise, inhibitors of both miR-21 and miR-146a apparently abrogated the suppression of HNF1α by TNFα stimulation in hepatocytes ([Figure 6F](#fig6){ref-type="fig"}). Furthermore, HNF1α knockdown in hepatocytes resulted in the increased expression of both miR-21 and miR-146a ([Figure 6G](#fig6){ref-type="fig"}). Based on these findings, we conclude that an intrinsic inflammatory feedback loop, consisting of HNF1α, SHP-1, STAT3, p65, miR-21 and miR-146a, can aggravate the hepatocellular impairment ([Figure 6H](#fig6){ref-type="fig"}).

HNF1α modulates the crosstalk between hepatocytes and HSCs
----------------------------------------------------------

It is well known that the activation of HSCs is a central event in hepatic fibrogenesis^[@bib3]^. The elevated expression of inflammatory cytokines in the impaired hepatocytes after DMN treatment ([Figure 5B](#fig5){ref-type="fig"}) or upon HNF1α suppression ([Figure 5D](#fig5){ref-type="fig"}) led us to investigate the potential effect of HNF1α expression in hepatocytes on the activation of HSCs. Previous studies have demonstrated the progressive activation of HSCs cultured on standard tissue culture plastic *in vitro*, and that this spontaneous activation of HSCs can be exploited to study cellular events similar to those occurring in liver injury^[@bib44]^. Thus we co-cultured the primary HSCs with primary hepatocytes with HNF1α knockdown or overexpression ([Figure 7A](#fig7){ref-type="fig"}). Notably, HNF1α knockdown in hepatocytes led to higher expression of *α-SMA* and *COL1A1* in HSCs ([Figure 7B](#fig7){ref-type="fig"}). In addition, IL-6 or TGFβ1 antibody blocked the effect of HNF1α knockdown in hepatocytes on HSC activation ([Figure 7C](#fig7){ref-type="fig"}). Consistently, co-transfection siHNF1α with siIL-6, siTgfb1 in hepatocytes reversed the effect of HNF1α knockdown in hepatocytes on HSC activation ([Supplementary information, Figure S10A](#sup1){ref-type="supplementary-material"}). In contrast, restoration of HNF1α in cultured hepatocytes significantly inhibited the expression of *α-SMA* and *COL1A1* in HSCs ([Figure 7D](#fig7){ref-type="fig"}). These observations indicate that HNF1α suppression in hepatocytes can promote the activation of HSCs.

Activated HSCs produce several inflammatory cytokines, including IL-6 and TNFα^[@bib44]^. We then asked whether activated HSCs affect the expression of HNF1α in hepatocytes. By co-culturing the primary hepatocytes with HSCs, we found that activated HSCs, but not quiescent HSCs, suppressed HNF1α expression in hepatocytes, and this suppression could be attenuated by neutralizing antibody to IL-6 or TNFα ([Figure 7E](#fig7){ref-type="fig"}). Knockdown of IL-6 or TNFα in activated HSCs also increased HNF1α expression in hepatocytes ([Supplementary information, Figure S10B](#sup1){ref-type="supplementary-material"}), suggesting that IL-6 and TNFα released from activated HSCs may inhibit HNF1α expression in hepatocytes. Moreover, transfection of hepatocytes with the inhibitor of miR-21 or miR-146a also abrogated the reduction of HNF1α induced by activated HSCs ([Figure 7F](#fig7){ref-type="fig"}). All together, these findings demonstrate that a microRNA-HNF1α-inflammatory circuit mediates the crosstalk between hepatocytes and HSCs, and drives the progression of hepatocellular damage and HSC activation ([Figure 8](#fig8){ref-type="fig"}).

Discussion
==========

In this study we provide several lines of evidence that implicate HNF1α in hepatic fibrogenesis. First, the abundant expression of HNF1α in hepatocytes gradually declines during the progression of fibrosis in both animal models and human chronic liver diseases. Second, inhibiting HNF1α exacerbates hepatic fibrogenesis in two independent rat models. Third, HNF1α overexpression attenuates ECM deposition in fibrotic liver in rats. We have previously shown a therapeutic effect of HNF1α on HCC^[@bib21]^. Since the vast majority of HCC occurs in fibrotic or cirrhotic liver, the dual effect of HNF1α on HCC and fibrosis would be highly applicable in clinical practice. Our previous study demonstrated that up-regulation of HNF4α can potentially inhibit hepatic fibrosis^[@bib45]^. The similar effect of HNF1α on fibrosis provides another support to our previous postulation that modulation of lineage-determining transcription factors such as HNF1α and HNF4α present a promising approach for the treatment of chronic liver diseases^[@bib46]^.

Although the phosphatase SHP-1 is primarily detected in hematopoietic cells, it is also expressed in the liver, and its expression is suppressed in HCC tissues^[@bib47]^. Previous study has demonstrated that SHP-1 regulates glucose homeostasis by modulating insulin signaling and insulin clearance in the liver^[@bib48]^. A recent study revealed that hepatocyte-specific deletion of SHP-1 promotes hepatic lipid accretion in mice^[@bib28]^. Additionally, Tai et al. have reported that SHP-1 is a major target of Sorafenib, the first clinically approved drug for HCC with additional therapeutic effect on hepatic fibrosis^[@bib49]^. These studies suggest that SHP-1 plays an important role in liver homeostasis. In this study, we show that HNF1α transcriptionally activates SHP-1 expression via directly binding to SHP-1 promoter. Knockdown of SHP-1 significantly reverses the inhibitory effects of HNF1α on fibrosis as well as JAK/STAT and NF-κB signal pathways in fibrotic livers. These findings indicate that the suppression of inflammatory pathways by SHP-1 contributes significantly to the anti-fibrotic effect of HNF1α.

Both Kupffer cells and HSCs play important roles in the production of inflammatory cytokines in hepatic inflammation upon injury^[@bib50]^. Hepatocytes express several types of receptors for inflammatory cytokines such as IL-6 and TNFα, suggesting that hepatocytes are potential effectors of cytokines^[@bib51]^. Our experiments show that HNF1α suppression in hepatocyte promotes the phosphorylation of STAT3 and p65, which leads to the elevation of IL-6 and TNFα. Increased levels of both cytokines cause further inhibition of HNF1α in hepatocytes. These results suggest that hepatocytes are an additional source of inflammatory cytokines and hepatocellular damage can be sustained in an autocrine manner via IL-6 and TNFα. MicroRNAs are crucial regulators in a variety of diseases including cancer and fibrosis^[@bib52]^. It is well established that miR-21 is directly activated by both STAT3 and NF-κB^[@bib42],[@bib43]^. The induction of miR-146a by LPS is NF-κB-dependent in immune cells^[@bib43]^. Consistently, miR-21 and miR-146a are up-regulated by inflammatory cytokines in hepatocytes. The repression of HNF1α in hepatocytes by IL-6 or TNF-α is mediated by miR-21 and miR-146a. Taken together, these findings posit HNF1α as a guardian of hepatocytes protecting the cells from hepatocellular damage. Down-regulation of HNF1α initiates a feedback circuit consisting of HNF1α, SHP-1, STAT3, p65, miR-21 and miR-146a, and this feedback loop perpetuates hepatic fibrogenesis.

The crosstalk between Kupffer cells and HSCs has been reported to mediate the progression of hepatic fibrosis^[@bib53],[@bib52],[@bib54]^. However, the role of hepatocytes in liver fibrogenesis is relatively less investigated in the past decades. It has been reported that the apoptotic hepatocytes can drive the activation of HSCs^[@bib11],[@bib12],[@bib13]^. A recent study revealed that overexpression of c-Myc in hepatocytes has the potential to prime resident HSCs for activation, proliferation and myofibroblast differentiation^[@bib55]^. However, the role of impaired hepatocytes in the activation of HSCs in chronic liver injury remains elusive. Moreover, the role of HSCs in liver regeneration and the underlying mechanisms are also far from clear. Several studies have suggested that activated HSCs can stimulate hepatocyte regeneration^[@bib56],[@bib57]^. However, a study by Ebrahimkhani *et al*. demonstrated a negative regulation of hepatocyte regeneration by HSCs through 5-HT2B signaling^[@bib58]^. Here we show a crosstalk between hepatocytes and fibrogenic HSCs mediated by cytokines. HNF1α knockdown in hepatocytes triggers the activation of HSCs. As no apparent apoptosis was observed in hepatocytes in AdshHNF1α-treated rats (data not shown), the activation of HSC cannot be attributed to hepatocyte apoptosis. Furthermore, the suppression of HNF1α in hepatocytes by activated HSCs suggests that hepatocellular damage is induced not only in an autocrine manner but also in a paracrine manner. Considering the complex interaction among various cell types in the liver, we do not exclude the role of other hepatic cells such as Kupffer cells in the activation of HSCs. Cytokines other than IL-6, TNFα and TGFβ1 may also participate in the crosstalk between hepatocytes and HSCs.

Current treatments of hepatic fibrosis mainly target the HSCs. Our previous study indicates that down-regulation of HNF4α promotes the hepatic fibrogenesis and up-regulation of HNF4α ameliorates hepatic fibrosis via blocking EMT of hepatic cells in rats^[@bib45]^. The current data demonstrate that reduction of HNF1α enhances the development of hepatic fibrosis and restoration of HNF1α significantly attenuates hepatic fibrosis in rats. Given that hepatocyte injury is a ubiquitous event for chronic liver injury^[@bib7]^, we propose that restoration of hepatocytes function, particularly the activities of HNF1α or HNF4α, may represent a more effective strategy in the treatment of hepatic fibrosis.

In conclusion, the present investigation elucidates a novel molecular and cellular mechanism that is responsible for hepatocyte impairment and hepatic fibrogenesis. These findings highlight the biological significance of HNF1α and hepatocytes in hepatic fibrogenesis and inspire novel strategies in the treatment of chronic liver diseases. Considering the close correlation between fibrosis and HCC, the role of HNF1α and SHP-1 in hepatocellular carcinogenesis merits exploration.

Materials and Methods
=====================

Human tissue samples
--------------------

Liver tissues were obtained from the liver tissue bank of the Eastern Hepatobiliary Surgery Hospital, Second Military Medical University, Shanghai. The healthy control (*n* = 12) was normal liver or liver with angeioma or liparomphalus. Fibrotic liver (*n* = 18) was from patients with hepatic fibrosis or cirrhosis. Informed consent was obtained from all subjects. The study protocol was approved by the Scientific Investigation Board of Second Military Medical University.

Real-time PCR
-------------

RNA purified from liver tissues, hepatocytes and HSCs in different treatments was reverse transcribed and then subjected to SYBR Green-based real-time PCR analysis. mRNA expression was normalized against β-actin. MicroRNA expression levels were quantified as previously described^[@bib59]^. microRNA transcript was normalized against U6. At least three independent experiments were carried out for each condition. Primer sequences can be found in [Supplementary information, Table S2](#sup1){ref-type="supplementary-material"}.

Virus
-----

Recombinant adenoviruses AdHNF1α and AdGFP were previously established in our lab^[@bib21]^. Adenoviral vector containing shRNA targeting *HNF1α* (AdshHNF1α) or *SHP-1* (AdshSHP-1) and the control adenovirus (AdshNC) were constructed as previously described^[@bib60]^.

To generate lentivirus for knockdown or overexpression of HNF1α, lentiviral vectors (pmiRZIP-shHNF1α or pCDH-CMV-HNF1α) were cotransfected into subconfluent HEK 293T cells with packaging plasmid psPAX2 (Addgene) and envelope plasmid pMD2.G (Addgene) using FuGENE 6 transfection reagent (Promaga). The medium containing lentivirus was collected 48 h later. Lentiviral particles were concentrated as previously described and stored in cryovials at −80 °C until use^[@bib61]^.

Animals and treatment
---------------------

Male Sprague Dawley rats (6 weeks of age, approximately 200 g, from Shanghai Experimental Center of Chinese Academy of Sciences) were used to establish two separate models of hepatic fibrosis by repeated injection of DMN (10 mg/kg, three injections per week for 2-4 weeks) or bile duct ligation (BDL). To observe the effect of HNF1α inhibition on hepatic fibrosis, a single dose of 4 × 10^9^ pfu AdshNC or AdshHNF1α was injected via tail vein 2 days prior to the first DMN injection or BDL and the animals were sacrificed 2 weeks later ([Supplementary information, Figure S2A](#sup1){ref-type="supplementary-material"} and [S2B](#sup1){ref-type="supplementary-material"}). To perform HNF1α knockdown with lentivirus, a single dose of 1 × 10^8^ TU lenti-shNC or lenti-shHNF1α was injected via tail vein 5 days prior to the first DMN injection ([Supplementary information, Figure S4A](#sup1){ref-type="supplementary-material"}). To evaluate the potential therapeutic efficacy of HNF1α, a single dose of 4 × 10^9^ pfu adenovirus was delivered via tail vein 3 days after BDL or 2 weeks after the first DMN injection ([Supplementary information, Figure S2C](#sup1){ref-type="supplementary-material"} and [S2D](#sup1){ref-type="supplementary-material"}). To perform HNF1α overexpression with lentivirus, a single dose of 1 × 10^8^ TU lenti-Ctrl or lenti-HNF1α was injected via tail vein 1 week after the first DMN injection ([Supplementary information, Figure S6A](#sup1){ref-type="supplementary-material"}). Simultaneous administration of AdHNF1α and AdshSHP-1 to DMN-induced rats was performed to investigate the role of SHP-1 in the anti-fibrotic effect of HNF1α ([Supplementary information, Figure S2E](#sup1){ref-type="supplementary-material"}). All animal experiments were in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Scientific Investigation Board of Second Military Medical University.

Histology and immunohistological analysis
-----------------------------------------

Sirius red was used to stain for collagen. Immunohistochemistry was performed on paraffin-embedded liver sections. Antibodies against HNF1α (ab96777, Abcam), α-SMA (BM0002, Boster, Wuhan, China), SHP-1 (ab2020, Abcam), p-Erk1/2 (Thr202/Tyr204, 4370, Cell Signaling), p-p65 (sc-101752, Santa Cruz) and p-STAT3 (Ser727, 9134, Cell Signaling) were used for immunohistochemistry. Sections were stained with ImmunoCruz^™^ goat ABC Staining (Sc-2023, Santa Cruz) or EnVision Detection Rabbit/Mouse Kit (GK500710, GeneTech, Shanghai, China) and counterstained with hematoxylin. Areas of positive stained sites were measured using image analyses software Image-Pro Plus 6.0 (Media Cybernetics). Percentage of positive area in corresponding field of liver tissue was calculated to show the intensity of collagen deposition or protein expression.

Measurement of hepatic hydroxyproline content
---------------------------------------------

Total hepatic hydroxyproline level was determined in the liver hydrolysates. One hundred mg of wet liver samples was subjected to acid hydrolysis to determine the amount of hydroxyproline using a commercial kit from Jiancheng (A030-2, Jiancheng, Nanjing, China).

Cell isolation and treatment
----------------------------

Primary hepatocytes and HSCs were prepared from male Sprague Dawley rats and cultured as previously described^[@bib62],[@bib63]^. Hepatocytes were infected with adenoviral vectors at multiplicity of infection (MOI) of 10. siRNA, miRNA mimics, miRNA inhibitors and their negative controls (NC or NC inhibitors) were synthesized by GenePharma (Shanghai GenePharma Co., Ltd., Shanghai, China) and transfected into hepatocytes, HSCs or HEK293T cells with lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. siRNA sequences are listed in [Supplementary information, Table S3](#sup1){ref-type="supplementary-material"}.

Western blot assay
------------------

Cells were lysed in RIPA buffer (P0013B, Beyotime, Suzhou, China). Proteins were separated on a 10% polyacrylamide gel and transferred to a methanol-activated NC membrane (HAHY00010, Millipore). The membrane was blocked in PBS-T containing 5% milk for 2 h prior to incubation with a primary antibody overnight at 4 °C. After 2 h incubation with donkey-anti-mouse or donkey-anti-rabbit secondary antibody (IRDye 700 or IRDye 800, respectively), signals were examined and photographed using an Odyssey infrared imaging system (LI-COR) at a wavelength of 700 or 800 nm. The primary antibodies used included HNF1α (sc-10791, Santa Cruz), SHP-1 (sc-33162, Santa Cruz; 610125, BD biosciences), p-STAT3 (Ser727, 9134, Cell Signaling), STAT3 (4904, Cell Signaling), p-p65 (Ser536, 3033, Cell Signaling), p65 (3987, Cell Signaling), and GAPDH (BSAP0063, Bioworld). At least three independent experiments were carried out for each condition.

Chromatin immunoprecipitation
-----------------------------

Chromatin fragments derived from untreated hepatocytes were immunoprecipitated using 10 μg antibody against HNF1α (sc-6548, Santa Cruz). DNA extraction was performed using QIAGEN Purification Kit. Real-time PCR analysis was carried out for HNF1α binding sites in SHP-1 promoter. At least three independent experiments were carried out for each condition. The primers used are shown in [Supplementary information, Table S4](#sup1){ref-type="supplementary-material"}.

Reporter constructs and luciferase assay SHP-1 promoter construct
-----------------------------------------------------------------

To test the transcriptional activity of HNF1α on *SHP-1* promoter, rat *SHP-1* fragments of −2500, −1563, −640 and −323/+165 were amplified by PCR from genomic DNA isolated from hepatocytes. The amplified fragments were cloned in the pGL3-Enhancer vector (E1771, Promega) at *Kpn*I and *Xho*I. To test the HNF1α binding sites in the *SHP-1* promoter region, *SHP-1* promoter fragment (−3100/−1951) was inserted into pGL3-Promoter vector (E1761, Promega). Mutation was created using QuikChange^®^ Site-Directed Mutagenesis Kit (200518, Stratagene). Primers for vector construction are listed in [Supplementary information, Table S5](#sup1){ref-type="supplementary-material"}. HeLa cells pre-infected with adenovirus for 24 h were co-transfected with *SHP-1* promoter vectors together with the control pRL-CMV vector (E2261, Promega). Luciferase activity was measured by Dual-Glo^®^ Luciferase Assay System (E2920, Promega) 48 h post transfection. At least three independent experiments were carried out for each construct.

HNF1α 3′UTR construct
---------------------

*HNF1α* 3′UTR was amplified by PCR from rat hepatocyte cDNA and cloned into psiCHECK^™^-2 vector (C8021, Promega) at *Xho*I and *Not*I. The primers included: forward 5′-CCGCTCGAGGGATGGCTCTGAGGTGTCTC-3′ and reverse 5′-ATAAGAATGCGGCCGCCAAACCCGTGGCTTTACACT-3′. HEK293T cells were co-transfected with psiCHECK-*HNF1α* 3′UTR or control vector and microRNA mimics. Luciferase activity was measured 24 h post transfection. At least three independent transfection experiments were carried out for each condition.

Co-culture of HSCs and hepatocytes
----------------------------------

To examine the effects of HNF1α knockdown in hepatocytes on HSCs, primary hepatocytes (48 h after isolation) were infected with AdshHNF1α or AdshNC at a MOI of 10 for 12 h. After thorough rinsing with PBS, the hepatocytes were co-cultured with primary HSCs for 24 h in the upper-chamber of 0.4 μm trans-well plates (3450, Corning). Antibodies against IL-6 (ab6672, Abcam), TNFα (ab66579, Abcam), TGFβ1 (sc-146, Santa Cruz) or control IgG (rabbit) was simultaneously added into the medium to neutralize the cytokine. Total RNA of HSCs and protein lysate of hepatocytes were harvested 48-72 h later. To examine the effects of hepatocytes with restored HNF1α on HSCs, primary hepatocytes from normal rats were infected with AdHNF1α or AdGFP at a MOI of 10 for 12 h, rinsed with PBS and then co-cultured with primary HSCs in trans-well plates. Total RNA of HSCs and protein lysate of hepatocytes were extracted 24-72 h later.

To determine the effect of HSCs on hepatocytes, HSCs were isolated from rats. Primary HSCs cultured for 7 d were used as activated HSCs and freshly isolated HSCs were used within 2 d as quiescent HSCs. The activated HSCs or quiescent HSCs were co-cultured with primary hepatocytes in trans-well plates. Antibodies or miRNA inhibitors were simultaneously added to the culture to block the effect of the cytokines or miRNAs. Protein lysates of hepatocytes were extracted 48 h later. At least three independent experiments were carried out for each condition.

Statistical analysis
--------------------

Results are presented as mean ± sem. Two-sided independent Student\'s *t* test was performed to analyze gene and miRNA expression levels, hydroxyproline content, luciferase activity and histology data. Data on location parameter (median) were analyzed using Mann-Whitney methods.
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Expression of HNF1α in rat fibrotic liver.
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Schematic representations for the induction of fibrotic models and treatment in rats.
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HNF1α repression increases the expression of profibrotic and proinflammatory cytokines in hepatic fibrosis.
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Downregulation of HNF1α increases the hepatic fibrogenesis in rats.
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HNF1α overexpression attenuated hepatic fibrosis induced by DMN or BDL in rats.
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Upregulation of HNF1α reduces the hepatic fibrogenesis in rats.
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The SHP-1 was transcriptional regulated by HNF1α.
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The anti-fibrotic effect of HNF1α mainly depends on the transcriptional activation of SHP-1.
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HNF1α is downregulated by inflammation associating miRNAs.
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The crosstalk between hepatocytes and HSCs is mediated by cytokines.
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Predicted binding sites of HNF1α on the promoter of six phosphatases genes (rat) by JASPAR database
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![HNF1α is repressed in fibrotic liver. **(A)** Immunohistochemical staining of HNF1α in normal rat liver. HNF1α is detected exclusively in the nuclei of hepatocytes (arrow). No obvious staining is observed in non-parenchymal cells (arrow head). Scale bar, 100 μm. **(B)** mRNA level of *HNF1α* was assessed by real-time PCR in the livers treated with dimethylnitrosamine (DMN, left) or bile duct ligation (BDL, right) (*n* = 6 in each group). ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001 by Mann-Whitney U test. **(C)** HNF1α protein level in the liver of 3 individual rats after DMN injection (top) or BDL operation (bottom) was detected. **(D)** A scatter dot plot showing *HNF1α* expression levels in 12 human control and 44 fibrotic samples as assessed by RT-PCR analysis. Data (median) are normalized to *β-actin*, and *P* value was computed by Mann-Whitney U test (*P* = 0.0008). **(E)** Western blot analysis of HNF1α in the livers from 3 healthy control individuals and 10 patients with either fibrosis or cirrhosis.](cr201584f1){#fig1}

![Repression of HNF1α aggravates hepatic fibrogenesis in both DMN and BDL models. **(A**, **B)** Adenovirus carrying shRNA against *HNF1α* (shHNF1α) or negative control (shNC) was injected into rats prior to DMN administration **(A)** and BDL treatment **(B)**, and 2 weeks later the expression of HNF1α and α-SMA in the fibrotic livers was analyzed by immunohistochemistry. Hematoxylin and eosin (HE) and Sirius red staining were used to examine pathological alterations and collagen deposition. **(C)** Semi-quantitative analysis of Sirius red staining in the fibrotic livers from AdshHNF1α or AdshNC-treated rats (*n* = 10 rats in each group). **(D)** mRNA levels of *HNF1α*, *α-SMA* and *COL1A1* in the livers were detected by real-time PCR Scale bar, 100 μm. ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001.](cr201584f2){#fig2}

![HNF1α overexpression attenuates hepatic fibrosis. **(A**, **B)** A single dose of adenovirus carrying human *HNF1α* gene (HNF1α) or control virus (GFP) was injected into rats after DMN injection (A) or BDL operation (B). The fibrotic livers were analyzed at 4 weeks after DMN treatment or 3 weeks after BDL. The expression of HNF1α and α-SMA was assessed by immunohistochemistry. HE and Sirius red staining were used to examine pathological alterations and collagen deposition. **(C)** Semi-quantitative analysis of Sirius red staining in the fibrotic livers from AdHNF1α or AdGFP-treated rats (*n* = 6 rats in each group). **(D)** mRNA levels of *HNF1α*, *α-SMA* and *COL1A1* in the livers were detected by real-time PCR. Scale bars, 100 μm. ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001.](cr201584f3){#fig3}

![Anti-fibrotic effect of HNF1α depends on the transcriptional activation of SHP-1. **(A)** Transcript level of *HNF1α* and *SHP-1* in primary rat hepatocytes treated with AdshHNF1α or AdshNC. **(B)** Correlation between the mRNA levels of *HNF1α* and *SHP-1* in human liver tissues. Each data point represents an individual sample, and the correlation coefficient (r) is shown. **(C)** A schematic representation of the promoter region of *SHP-1*, the potential *cis*-acting elements for HNF1α (arrow), mutation sites and the fragment amplified in ChIP-PCR. **(D)** The nested deletion analysis shows the transactivation effect of HNF1α on rat *SHP-1* promoter. **(E)** HNF1α occupancy at the *SHP-1* loci detected by ChIP-PCR in freshly isolated hepatocytes. **(F)** Suppression of SHP-1 reverses the anti-fibrotic effect of HNF1α. AdshSHP-1 or AdshNC was simultaneously delivered with AdHNF1α into DMN-treated rats. Collagen deposition and the expression of HNF1α, SHP-1 and α-SMA were detected in the livers. **(G)** Hydroxyproline content was assayed in the fibrotic livers (*n* = 9 rats in each group). Scale bars, 100 μm. ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001.](cr201584f4){#fig4}

![HNF1α suppression aggravates hepatocellular inflammation. **(A)** Western blot analysis of HNF1α, SHP-1 and phosphorylation of STAT3 and p65 in the lysates of hepatocytes isolated from rats with DMN treatment for 2 weeks. **(B)** mRNA levels of *HNF1α*, *SHP-1*, *IL-6*, *TNFα* and *TGFβ1* in hepatocytes from rats with DMN treatment for 2 weeks vs the control rats. **(C)** Representative western blot of HNF1α, SHP-1, p65 and STAT3 in hepatocytes treated with AdshHNF1α or AdshNC. **(D)** Transcript levels of *IL-6*, *TNFα* and *TGFβ1* in hepatocytes treated with AdshHNF1α or AdshNC for 12-36 h. **(E**, **F)** Protein level of HNF1α in the hepatocytes stimulated by recombinant IL-6 (rIL-6, 50 ng/ml, E) or recombinant TNFα (rTNFα, 20 ng/ml, F). Rabbit antibody against IL-6 (anti-IL-6) or against TNFα (anti-TNFα) was simultaneously added into medium to block the effect of IL-6 or TNFα, respectively. Normal rabbit IgG was used as control. ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001.](cr201584f5){#fig5}

![An HNF1α-regulated inflammatory circuit mediates hepatocellular impairment. **(A**, **B)** Real-time PCR analysis of miR-21, miR-31 and miR-146a in liver tissues from rats with DMN injection (*n* = 6 in each group) **(A)** and BDL treatment (*n* = 6 in each group) **(B)**. **(C)** Western blot analysis of HNF1α and SHP-1 in hepatocytes transfected with indicated miRNA mimics for 72 h. **(D)** mRNA level of *HNF1α* in hepatocytes transfected with miRNA mimics for 48 h. **(E)** The effect of miR-21 and miR-146a mimics on luciferase activity of *HNF1α* 3′ UTR in HEK293T cells. **(F)** Western blot analysis of HNF1α in hepatocytes transfected with miRNA inhibitors and treated with IL-6 (rIL-6, left) or TNFα (rTNFα, right) for 48 h. **(G)** Levels of miR-21 and miR-146a in hepatocytes treated with AdshHNF1α or AdshNC. **(H)** A schematic model of the proposed HNF1α feedback circuit in hepatocellular damage. ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.01; ^\*\*\*^*P* \< 0.001.](cr201584f6){#fig6}

![Crosstalk between HSCs and hepatocytes *in vitro*. **(A)** A schematic representation of co-culture experiments with primary HSCs and hepatocytes isolated from rats. **(B)** Suppression of HNF1α in hepatocytes enhances the activation of HSCs. Endogenous HNF1α level in primary rat hepatocytes pretreated with AdshHNF1α or AdshNC was detected by western blot (left). mRNA levels of *α-SMA* and *COL1A1* in HSCs were assessed by RT-PCR (right). **(C)** mRNA level of *α-SMA* and *COL1A1* in HSCs co-cultured with AdshHNF1α- or AdshNC-treated hepatocytes. Antibody against IL-6, TNFα or TGFβ1 was added into the co-culture to block the corresponding cytokine. **(D)** Hepatocytes overexpressing HNF1α attenuates the activation of HSCs. Expression of exogenous human HNF1α and endogenous rat HNF1α in hepatocytes treated with AdHNF1α or AdGFP analyzed by western blot is shown in the top panel; mRNA levels of *α-SMA* and *COL1A1* in HSCs are shown in the bottom panels. **(E)** Western blot analysis of HNF1α and SHP-1 in hepatocytes co-cultured with quiescent or activated HSCs for 48 h. Antibodies against TNFα, IL-6 and control IgG were used to block the cytokines in co-culture. **(F)** Expression of HNF1α and SHP-1 in hepatocytes transfected with miRNA inhibitors and then co-cultured with quiescent or activated HSCs for 48 h.](cr201584f7){#fig7}

![An HNF1α-mediated feedback circuit modulates the crosstalk between HSCs and hepatocytes. A schematic presentation of the proposed autocrine regulation and crosstalk between HSCs and hepatocytes. An intrinsic inflammatory feedback loop could aggravate the hepatocellular impairment. Inhibition of HNF1α in hepatocytes by miR-21 and miR-146a leads to an increase of IL-6 and TGFβ1 production, which causes the activation of HSCs. On the other hand, activated HSCs secrete IL-6 and TNFα, which further suppress the expression of HNF1α and SHP-1 in hepatocytes.](cr201584f8){#fig8}
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